representing the text in its words, regardless of their order in the text, and taking into account their frequency. The first mention of this model can be found in the article by Harris [11] . The bag-of-words model allows the evaluation of the similarity of texts based on a comparison of their vocabulary.
Each method works with words differently, but they can still lead to similar results. What the DamerauLevenshtein distance considers as a transformation from one word to the other, the bag-of-words model regards as two different words whose frequency in the text it counts.
Language classification can also serve as an exemplary case for the utilisation of the bag-of-words model. The following graph ( Figure 1 ) represents a hierarchical clustering tree whose branches divide languages into language families -the severance is based on the vocabulary similarities of the analysed texts. We compared 'Our Father' prayer translated into 24 languages belonging to different language families. We utilised the software QUITA (Quantitative Index Text Analyser) for analysis -the default parameters were retained, the texts were tokenised and transformed into 2-grams of characters. As the graph points out, the bag-of-words method is suitable for language classification as well. Our goal in this study is to demonstrate that this method could possibly be usable also for biological taxonomy purposes. Our assumption is that resemblance (and therefore proximity) between natural language texts or between DNA texts (sequences) can be compared on a similar principle, i.e. based on components (words, bases) contained in the unit (sentence/text, sequence).
Materials and methods
For reasons explained earlier (morphological divergence versus genetic proximity), we think that Brassicaceae crops are proper illustrative examples for introducing the bag-of-words method for taxonomic purposes. The taxonomy of the Brassicaceae family has been carried out very systematically on the basis of molecular markers mainly for individual genera and tribes (tribe is a taxonomic category lower than the family and higher than the genus) and also for species (see, e.g. [12] [13] [14] [15] [16] [17] [18] [19] [20] ). An overview of research in this area is provided by Al-Shehbaz et al. [21] . The oldest work on the taxonomy of the Brassicaceae family dates back to the early 20th century - Hayek [22] introduced it in 1911. The phylogenetic relationships of the species Brassica oleracea, B. rapa, B. napus, B. carinata, B. juncea and B. nigra were described by the so-called U-model proposed by Nagaharu [23] (see Figure 2) . This model represents a basic orientation diagram of the crossing between the named species (see e.g. Genetics, Genomic and Breeding of Vegetable Brassicas [24] ). The tribes of the Brassicaceae family were described in 1936 by Schulz et al. [25] . Al-Shehbaz et al. [21] and Bailey et al. [26] report on 25 tribes, 338 genera and 3,700 species within the Brassicaceae family. This taxonomy is based on internal transcribed spacer (ITS) marker analysis. Liu et al. [27] confirm this taxonomy by analysing the maturase K (matK) marker and attempt to refine the relations between individual taxa. An overview of other markers (trnL-trnF, trnH-psbA, simple sequence repeats [SSRs] and so on) used in the taxonomy of Cruciferae is reported by Al-Shehbaz et al. [21] . Our study uses the family Brassicaceae as an illustrative example for introducing the bag-of-words method in order to outline the possibility of using this method as a tool for biological taxonomy. We are interested in a sample of cultivated crops belonging to the family Brassicaceae, which have significant economic use and position in culture. These crops are classified into different genera and species.
Besides the reconstruction of the genetic tree of the Brassica species, we are also interested in the biological taxonomy of other family crops -e.g. the crops of the genera Eruca (arugula/rocket), Raphanus (radish) and Sinapis (mustard).
In the analysis, we work with genetic markers of species B. nigra (black mustard), B. juncea (brown mustard), B. carinata (Abyssinian mustard), B. rapa (field mustard), B. oleracea (wild cabbage), B. napus (rapeseed), Eruca vesicaria (arugula/rocket), Raphanus sativus (radish), Sinapis alba (white mustard) and varieties B. oleracea botrytis (cauliflower), B. oleracea italica (broccoli), B. oleracea capitata (cabbage), B. oleracea alboglabra (kai-lan), B. oleracea acephala (kale), B. rapa chinensis (Chinese cabbage), B. rapa pekinensis (Pekingese cabbage) and B. rapa oleifera (biennial turnip rape).
For analysis, we used the matK chloroplast marker and the ITS nuclear ribosomal marker. Both of these markers have been used in the earlier-mentioned studies for the taxonomy of the Brassicaceae family. Samples were derived from the National Center for Biotechnology Information (NCBI) genetic bank (for samples, see Appendix).
The method used in this study, the bag-of-words model, has been described earlier in this paper. Since this method is based on the delimitation of text into words, it is necessary to define the form of a 'genetic word' for the purposes of biological taxonomy. Therefore, for the representation of the word in a genetic text, we used its n-gram analysis: we split the genetic texts into equal parts (sub-strings) -into combinations of two bases (2-grams), three bases (3-grams) and so on. Individual species are represented by a series of values expressing the presence or absence of the given word (n-gram, sub-string) in individual sequences and by the difference in the frequency of the words in the individual sequences. The DNA sequences thus represented are then used in a clustering analysis, whose results are shown in graphs of hierarchical clustering.
In this approach, one can see a similarity to the alignment-free bioinformatic method called 'feature frequency profile', which is also based on word frequency, in which case, they are represented by k-mers. K-mers are usually defined as all possible sub-strings of length k that are contained in a string. In different words, n-grams and k-mers are the same, and the bag-of-words model and the feature frequency profile both work with their frequency.
For better understanding, we present a complete ITS marker of B. oleracea and B. rapa, as well as parts of their bag-of-words models (Table 1- 
Example of bag-of-words (BoW) models for B. oleracea and B. rapa: "tcgtc" 5 0
Results
In the following discussion, we introduce the bag-of-words analysis of the ITS and matK markers of the chosen representatives of the Brassicaceae family. We proceed from the analysis of relationships at the intraspecific level to the analysis of relationships between species across the whole family.
In the analysis, n-grams with n ranging from 2 to 50 were tested. Apart from the 2-gram case, all analyses approximately correspond to the official taxonomy (see the following analytical results). As an example, we present the analysis using 3-, 5-, and 10-grams of bases. However, we cannot say clearly what sizes of n-grams are the best to use for analysing these samples because there is no valid statistical verification of the usability of different n-gram sizes. We can see that the bag-of-words model of 3-grams and 5-grams for the ITS marker expresses very well the relationship of species and varieties of the genus Brassica and the species resulting from their crossing (see U-model described earlier in the paper). On the bottom branch of the cluster, we find a hybrid B. napus separated from the remainder of the family. We suppose that the distance of this hybrid from the remaining genera is explained by its intensive cultivation for economic purposes. The remaining species B. nigra and B. carinata are found in the case of 3-grams near the B. oleracea varieties and in the case of 5-grams near the B. rapa varieties. In the case of 3-grams corresponds to the predicted relationship of B. carinata to B. nigra and B. oleracea, which are progenitors of this hybrid (see U-model). However, a 5-gram analysis assesses this relationship to be the opposite. Thus, we can note that the change in n-gram size affects the results of analysis.
Based on the analysis presented herein, the bag-of-words model for genetic markers appears to be a sensitive method for reconstructing biological taxonomy at lower taxonomic levels. As we test the possibilities of taxonomy analysis based on the use of the bag-of-words model, we want to further verify the potential of this method for the same species using multiple molecular markers. In addition, the combination of different markers is a common procedure, and in taxonomy analysis, it refines the reconstruction of taxonomy relationships. For plants, a common combination of markers is the chloroplast gene and the ITS region of nuclear ribosomal DNA, due to their large variability even among closely related species (e.g. [29, 30] ). For our chosen group of Brassicaceae family members, the chloroplast marker matK has been previously used, as is the ITS marker. On samples of these latter markers, we want to verify that the bag-of-words method is generally valid for different genetic material and to evaluate which marker is more appropriate.
In the following charts of hierarchical clustering of the bag-of-words analysis of maturase K, we see that even in the case of using this marker, the bag-of-words model is suitable for the reconstruction of interspecific relations. This time, we present the analysis on 3-grams and 10-grams to illustrate the difference in analytical results. In all cases, we can see the severance of species and their varieties into two separate branches corresponding to two vertices of the U-model -B. oleracea and B. rapa. In these branches, B. oleracea and B. rapa are associated with their hybrids, and B. rapa also contains its B. oleifera variety.
As can be seen from the graphs, the change in n-gram size used in the analysis may not only affect the clustering of species in the branches, it can also affect the length of individual branches, reflecting the degree of mutual similarity of the species and its varieties. Compared to the bag-of-words analysis of the ITS marker, the results of the analysis performed on the matK marker are less detailed because we only used samples that were available in the genetic database used by us. The difference between the two analyses in terms of expressing the biological taxonomy is that the matK analysis does not include B. nigra and B. carinata in a separate common branch. These two species are associated with the branches of both B. oleracea and B. rapa. Unlike the 5-grams of the ITS marker, there is no conflict with the taxonomy relationships described in the U-model -B. nigra has been associated with its hybrid B. juncea and B. carinata with its progenitor B. oleracea. The next step of the analysis is the extension of the sample of the Brassicaceae family to species not belonging to the genus Brassica. These species include Sinapis alba (white mustard), Sinapis arvensis (charlock mustard), Eruca vesicaria (rocket), Raphanus sativus (radish), Orychophragmus violaceus (Chinese violet cress), Capsella bursa-pastoris (shepherd's purse), Allium ursinum (bear's garlic), Alliaria petiolata (garlic mustard), Arabidopsis thaliana (thale cress), Barbarea vulgaris (bitter cress) and Thlaspi arvense (field pennycress). Their inclusion in the analysis makes it possible to illustrate the relationship of the individual species according to their classification into different genera.
In the ITS marker hierarchical cluster, we can see that B. oleracea is associated with its varieties in one branch, while another branch contains B. rapa with its varieties and its hybrid B. juncea. The third branch is populated by B. nigra and B. carinata, as well as Sinapis, Eruca and Raphanus. These genera, in comparison with others, seem to be closer to the Brassica genus and, at the same time, we can say that they are also among culturally exploited crops. In the last branch, we find B. napus and the other newly appointed representatives of the family Brassicaceae. The inclusion of B. napus in this cluster suggests that due to cultivation that has occurred in this species, it has a different character than other U-model hybrids. The location of the species Orychophragmus violaceus in the same cluster indicates its inclusion not only outside the genus Brassica but also outside the tribe Brassiceae (see [31] ). 
Conclusion and Discussion
Our goal was to introduce the use of the bag-of-words model for biological taxonomy analysis, while describing the relationships of chosen cultivated crops of the Brassicaceae family. For this purpose, we used two standard genetic markers -ITS and matK. At the same time, we ascertained that the n-gram size has an effect on the clustering results of taxonomy analysis, and higher n-grams (10-grams in our case) provide stable results that correspond to real taxonomy (affinity to species, genus and so on compared to the U-model). Using the hierarchical clustering charts, we have shown that the bag-of-words method is an appropriate yet simple tool for the reconstruction of taxonomy relationships at the species and intraspecific levels.
